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Abstract
We integrate the combined agricultural production effects of forecasted changes in  CO2, 
temperature and precipitation into a multi-regional, country-wide partial equilibrium posi-
tive mathematical programming model. By conducting a meta-analysis of 2103 experimental 
observations from 259 agronomic studies we estimate production functions relating yields 
to  CO2 concentration and temperature for 55 crops. We apply the model to simulate climate 
change in Israel based on 15 agricultural production regions. Downscaled projections for 
 CO2 concentration, temperature and precipitation were derived from three general circula-
tion models and four representative concentration pathways, showing temperature increase 
and precipitation decline throughout most of the county during the future periods 2041–2060 
and 2061–2080. Given the constrained regional freshwater and non-freshwater quotas, farm-
ers will adapt by partial abandonment of agriculture lands, increasing focus on crops grown 
in controlled environments at the expense of open-field and rain-fed crops. Both agricultural 
production and prices decline, leading to reduced agricultural revenues; nevertheless, produc-
tion costs reduce at a larger extent such that farming profits increase. As total consumer sur-
plus also augments, overall social welfare rises. We find that this outcome is reversed if the 
positive fertilization effects of increased  CO2 concentrations are overlooked.
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1 Introduction
Climatic changes are expected to impact agricultural productivity through a series of con-
comitant factors, which include the rise of near-surface atmospheric carbon dioxide  (CO2) 
concentrations, rises in average surface temperatures, changes in temperature extremes, and 
changes in the geographic distribution and seasonal patterns of precipitations. The extent 
to which elevated  CO2 concentrations affect crops through changes in photosynthesis and 
stomatal conductance depends on their photosynthetic pathways: while photosynthesis in 
C3 crops (e.g., rice, soybeans, wheat) directly and positively responds to increased  CO2, 
giving rise to a “CO2 fertilization effect”, C4 crops (e.g., maize, sorghum) are not directly 
affected by  CO2 levels but may show positive impacts due to increased water use efficiency 
(Long et al. 2006). Crops’ responses to changes in temperature are still highly uncertain 
(Asseng et  al. 2014), but substantial negative impacts are expected especially in hotspot 
areas where crops already suffer from high temperature stress (Teixeira et al. 2013). Lobell 
and Field (2007) estimate that changes in average temperatures and precipitation in the 
growing season alone explain 30% of the global production of major crops between 1961 
and 2002. The extent to which different climate factors interact to impact food production 
and the resulting economic impacts are still poorly understood (Cai et al. 2016; Rosenz-
weig et al. 2013).
In the economic literature, common analytical approaches to assess the impacts of cli-
mate change on agriculture include the production function approach, Ricardian models, 
structural models, and General Equilibrium Models (De Salvo et al. 2013; Calzadilla et al. 
2013). Programming models implementing a production function approach describe the 
explicit optimization problem of the farmer and use experimental outputs and regional or 
farm-level data to calibrate production functions and costs. Under this approach, agricul-
tural profit is maximized as a function of decision-making input variables given the levels 
of exogenous environmental factors. The impact of forecasted changes in the exogenous 
environmental factors is elicited by solving the optimization problem under the expected 
changes. Among the programming models, positive mathematical programming (PMP) 
models (Howitt 1995) are unique insofar as: (1) they do not require the assumption of hav-
ing full knowledge of the production process (Schmid and Sinabell 2005); and (2), unlike 
Ricardian and structural models, they allow to explicitly capture the impact of individual 
environmental factors on farmers’ profit maximizing behavior with respect to land and 
resources management (Peck et  al. 2012). Rosenzweig et  al. (2013) first implemented a 
PMP model to study the combined effect of changes in  CO2 concentration, temperature and 
precipitation on wheat production in semi-arid zones. They conclude that the interactions 
among climate variables counteract the  CO2 fertilization effect resulting in wheat yield 
decreases by mid-twenty-first century relative to the 1974–2003 baseline period, leading to 
higher global food price increases than previously anticipated (Easterling et al. 2007).
This study contributes to the economic literature on the impacts of climate change on 
agriculture by developing and applying a PMP framework to the investigation of the com-
bined impact of climate-change induced modifications in  CO2 concentration, temperature 
and precipitation patterns on an entire vegetative agriculture sector, using the case of Israel. 
The analysis encompasses the 55 major crops grown in Israel’s 15 agricultural production 
regions. Regional production decisions are interacted through the crops’ output prices; the 
latter constitute equilibria in competitive markets that operate under the presence of import 
tariffs. First, we develop crop production functions that explicitly incorporate the effect 
of  CO2 concentration, temperature and precipitation, based on the meta-analysis of 2103 
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experimental observations from 259 individual agronomic studies. Second, we adopt pro-
jections of three General Circulation Models (GCMs) and four representative concentra-
tion pathways (RCPs) to simulate climatic conditions in the 15 agricultural regions for the 
periods 2041–2060 and 2061–2080. Third, we extend the regional PMP model VALUE 
(Vegetative Agriculture Land Use Economic) (Kan et  al. 2009; Palatnik et  al. 2011) to 
explicitly include the effect of  CO2 concentration and temperature on agricultural produc-
tion.1 Finally, we implement the extended model to investigate impacts of the forecasted 
climate change on the vegetative market in Israel in the two future periods, examining 
changes in land use, output prices, farming revenues, net agricultural profitability, shadow 
values of land and water constraints, consumer surplus and social welfare.
2  Methodology and Data
2.1  Meta‑analysis and Estimation of Production Functions
Production functions relating changes in climate variables to farming activities play a key 
role in our climate-change analysis based on the extended VALUE model. To estimate the 
functions we constructed a database of agronomic experiments exploring the effects of 
changes in  CO2 concentration and temperature on crop yields, encompassing 2103 obser-
vations from 259 individual studies published between 1964 and 2016.2 Studies from peer-
reviewed publications as well as grey literature (e.g., reports and theses) were included. In 
total, the 55 major crops constituting most of the vegetative market in Israel were consid-
ered (MOARD—Ministry of Agriculture and Rural Development of Israel).3
In order to be included in the database, an experiment in a study had to meet the follow-
ing criteria:
1. Precise information about the average  CO2 concentration and air temperature during the 
experimental period are provided.
2. Effect on marketable yield is reported.
3. Experimental climate conditions lie within the range of  CO2 concentrations and tem-
peratures that characterize Israel’s present or future climate.4
4. No experimental factor other than  CO2 concentration and/or temperature is investigated 
(e.g., drought, lack or excess of light, toxins, nutrient stress).
1 The effect of precipitation was already included in previous versions of the VALUE model (Kan and 
Rapaport-Rom 2012). For the present application, we updated precipitation forecasts for the periods under 
consideration.
2 We provide here a brief description of the data and meta-analysis; for a complete description see Zeling-
her (2017).
3 Due to its dry climate, croplands in Israel are not cultivated specifically as pasturelands for grazing, and 
livestock feed is mostly based on imported grains and locally produced fodder crops, which are incorpo-
rated in the model. Forests, centrally managed by the Jewish National Fund, are typically grown for various 
ecosystem services on lands with topography and soil quality that are unsuitable for crop production, and 
are not considered by MOARD as agricultural lands (Dr. Yael Kachel, MOARD, personal communication, 
July 2018). Thus, our analysis for the case of Israel excludes pasturelands and forestlands; nevertheless, 
these activities should be considered as substitutes to croplands in economic studies of climate-change agri-
cultural effects in other regions (e.g., in Brazil; Alkimim et al. 2015).
4 “Future climate” refers to the conditions during the periods 2041–2060 and 2061–2080 in Israel as 
derived from the analysis of the GCMs in Sect. 2.2.
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5. In order to exclude outlier observations, the experimental treatment did not result in a 
yield change greater than 100% compared to the control.
A sufficient number of observations were available in the database to estimate a specific 
production function for 20 individual crops.5 For the remaining crops, production func-
tions were estimated for crop groups based on hierarchical classifications, first according 
to botanical families, and then by other agronomic categorization (e.g., grasses, tropical 
trees). Data regarding the full list of crops, group classification and database descriptive 
statistics are reported in Appendix A.
The estimated production functions have the following quadratic form, which captures 
both non-linear effects and potential interactions between  CO2 and temperature:
where Δyb
ŷb
 is the change in the marketable yield relative to the control experiment, ŷb , and 
ΔCO2 = CO2 − ĈO2 and ΔT = T − T̂  represent the difference between the temperature 
and  CO2 concentration levels of the treatment group  (CO2, T) and the control group ( ĈO2 , 
T̂  ). The experiment is denoted by {n = 1,… , 1260} , b is crop type {b = 1,… ,B} , and 휀nb 
is the error term.
Crops in the database are grown under different environmental conditions, as reflected 
in the different conditions set for the control experiments. The underlying assumption 
in the choice of the functional form is that a specific crop will respond uniformly across 
experiments to the same degree of change in the climatic variables. Accordingly, only the 
experimental changes in the climatic variables are included in the regression, not their ini-
tial values. Similarly, other environmental variables (such as soil type and farming prac-
tices) that do not change across observations belonging to the same study are excluded. 
This specification also enables us to estimate the function based on groups of crops in case 
of insufficient crop-specific experimental observations. The fact that multiple observations 
from the same experiment are unlikely independent is taken into account by clustering the 
data based on experiments6 and allowing for intra-clusters correlation of the errors (Dono-
ghue 1995). In addition, given that studies report average yield outputs computed based on 
different numbers of trial repetitions, observations were weighted based on the number of 
repetitions of the experiment.
The marginal effects of  CO2 and T are given by:
To account for the randomness of the values of the variables ΔCO2 and ΔT  , which 
depend on the experimental setup, we employed the bootstrap method with 100 repetitions 
(1)
Δyb
ŷb
= 𝛽1bΔCO2 + 𝛽2bΔCO
2
2
+ 𝛽3bΔT + 𝛽4bΔT
2 + 𝛽5bΔCO2ΔT + 𝜀nb
(2)ME
(
CO2
)
= 훽1b + 2훽2bΔCO2 + 훽5bΔT
(3)ME(T) = 훽3b + 2훽4bΔT + 훽5bΔCO2
6 An “experiment” is thus defined here as a comparison between crops grown under identical conditions 
with the exception of  CO2 and temperature levels.
5 For six crops in the VALUE model (i.e., Other field crops, Other fruits, Other vegetables, Persimmon, 
Pomegranate, and Sweet potato), we could not retrieve a sufficient number of agronomic experiments to 
estimate a production function including all three climatic variables under investigation. For these crops, 
changes in future production were estimated using changes in precipitation only.
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to calculate the standard deviations associated with the sample-average marginal effects for 
each crop (or group of crops).
2.2  Characterization of Future Climate Through GCMs
Three climatic variables are considered in this study for simulations of future climate con-
ditions: average atmospheric  CO2 concentration  (CO2t), average surface air temperature 
(Tjit) , and precipitation during the growing season (wrjit) , where the index j represents the 
region out of the 15 regions into which Israel was subdivided, i (i = 1,… , 55) represents 
the crop, and t is the period under consideration. The climatic variables were evaluated 
with respect to three climate periods: t = 1 denotes the present conditions, as obtained by 
averaging the values of the variables over the years 1990–2015; t = 2 is the mid-century 
period, averaging scenario forecasts over the years 2041–2060; t = 3 is the late twenty-first 
century, averaging scenario forecasts over the period 2061–2080. We considered all four 
representative concentration pathways (i.e., RCP2.6, RCP4.6, RCP6.0, RCP8.5) from the 
IPCC Fifth Assessment Report (IPCC 2014).
Present and future atmospheric  CO2 concentrations were retrieved, respectively, from 
the databases of the National Oceanic Atmospheric Administration (NOAA; http://www.
noaa.gov/) and from the RCP Database Version 2.0.5 of the International Institute for 
Applied Systems Analysis (IIASA; https ://tntca t.iiasa .ac.at/RcpDb /). Present levels of 
monthly precipitations and daily minimum and maximum temperatures were obtained 
from the Israel Meteorological Service (IMS; http://www.ims.gov.il/IMSEN G/All_Tahaz 
it/homep age.htm). Temperature and precipitation data were available, respectively, in 139 
and 487 weather stations throughout the country. For projected temperature and precip-
itation, we used spatial data at a 30-s resolution from WorldClim–Global Climate Data 
(http://www.world clim.org/).7 We selected the three GCMs that contain data regarding pre-
cipitation, minimum and maximum temperature for all the four RCPs: the Community Cli-
mate System Model (CCSM4; Gent et al. 2011); the Model of Interdisciplinary Research 
on Climate (MIROC5; Watanabe et  al. 2010); and the Norwegian Earth System Model 
(NorESM1-M; Bentsen et al. 2013).8 For GCM data, we considered the 258 grid cells that 
are at least partially within the boundaries of Israel. We calculated the projected tempera-
ture and precipitation levels in each of the 15 agricultural regions based on the centroids of 
each region, which were provided by the MOARD (http://www.moag.gov.il/en), and using 
inverse distance weighting (IDW) within a radius of 25 km.9
2.3  Implementation of the VALUE Model
VALUE (Kan et  al. 2009, 2014) is a partial equilibrium, regional scale PMP model that 
examines adaptation of a vegetative agricultural production sector to changes in various 
exogenous variables and simulates the optimal allocation of land to crops under competitive 
7 GCMs were originally designed to simulate the earth’s climate. When using downscaled climate data, it 
is important to recall that the original information was generated at a coarse spatial resolution and did not 
take into account local topography or land cover patchiness, assuming homogeneity within each grid cell.
8 Therefore, projected temperatures and precipitation assume in our analysis 12 possible values (3 
GCMs × 4 RCPs).
9 Except for the southern Negev region for which a radius of 50 km was used.
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conditions in the vegetative agricultural markets. VALUE assumes profit maximization 
behavior of farmers with respect to land allocation within each region and uses a calibrated 
cost function to account for unobserved drivers for the farmers’ land diversification across 
crops. Farmers in all regions face the same statewide output price of each crop, where 
prices of fresh products allocated to the local markets are determined in equilibrium given 
world prices and import tariffs, whereas prices of processed food and export markets are 
exogenous.
VALUE solves the following optimization problem:
where 퐱t is the vector of lands allocated to the I crops in the J regions at period t, 
t = {1,2,3}, with a typical element xjit as the land allocated to crop i in region j during cli-
mate period t; 퐦t is the vector of import amounts of the I crops as fresh products; uit is the 
country’s local consumers total willingness to pay for fresh products of crop i in a year dur-
ing period t; yjit denotes per-dunam output; 휇ki  is the fraction of crop-i’s total production 
allocated post harvesting to market k based on quality criteria, with k = {ex, pr} represent-
ing export and food-processing industry, respectively; pk
i
 is the exogenous price of crop i in 
market k; ∑
sa
�
psawsa
ji
�
 is the irrigation cost ( sa = 1 and sa = 2 indicates freshwater and non-
freshwater, respectively). The calibration parameters 훾ji and 훿ji are derived from the PMP 
model methodology (Howitt 1995), representing linear diminishing marginal profitability 
of crops in relation to land. The term mit represents the imported quantity of crop i, where 
the import price pG
it
 is exogenous, incorporating the price of the crop-i’s fresh product from 
the cheapest country of source plus import tariffs (Kan et al. 2014). For each crop, prices 
are assumed to be uniform across the country, as evidenced by official data (IMARD, 
2013), and we assume that prices of inputs are fixed over time.
The social welfare objective function, SWt , in Eq. (4) is maximized under the following set 
of constraints: ∑I
i=1
xjit ≤ Xj as a regional land constraint, and 
∑I
i=1
xjitw
sa
jit
≤ Wsa
j
∀sa = {1, 2} 
as the freshwater and non-freshwater (i.e., treated wastewater and brackish water) irrigation 
quotas. The regional constraints Xj , W1j  and W2j  are exogenous, constant over time and untra-
deable across regions. Farmers are assumed to compensate for reduction in precipitations by 
additional application of irrigation water, within the constraints of the regional irrigation-
water quotas, which remain fixed.
In Eq. (4), the local consumers’ willingness to pay for fresh products, uit , is calculated as 
the integral of the inverse of a constant-elasticity demand function (Fuchs-Rubal 2014):
where Yit =
∑J
j=1
휇l
i
xijtyijt + mit is the nationwide consumption of fresh products associated 
with crop i during period t, which incorporates the import, mit, plus the statewide produc-
tion allocated to the local fresh-products market, ∑J
j=1
휇l
i
xijtyijt , with 휇li indicating the local 
fresh-market’s share in crop-i’s total production; Ai is a parameter of calibration, and α 
(4)
max
퐱t ,퐦t
SWt =
I∑
i=1
�
uit +
J∑
j=1
xjit
�∑
k
pk
i
휇k
i
yijt −
∑
sa
�
psawsa
jit
�
− 훾ji −
1
2
훿jixjit
�
− pG
it
mit
�
s.t.
I∑
i=1
xjit ≤ Xj∀j ∈ {1,… , J},
I∑
i=1
xjitw
sa
jit
≤ Wsa
j
∀sa ∈ {1, 2}&j ∈ {1,… , J}
(5)uit =
Yit
∫
0
AiỸ
1
∝
it
dỸit =
AiY
1
∝
+1
it
1
∝
+ 1
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is the demand elasticity. Thus, unlike the prices of exported and processed-food products 
which are determined in the world markets, the price of crop i in its local fresh-product 
market, pl
i
 , is endogenously determined at equilibrium such that pl
i
= AiY
1
∝
it
≤ pG
it
 . Accord-
ingly, the consumer surplus is CSi = ui − AiY
1+α
∝
it
.
We introduce the effects of the climatic variables  CO2 concentration, temperature and 
precipitation into VALUE’s production functions as follows:
where yjit (ton  dunam−1 year−1) is the regional per-dunam10 annual yield of crop i at period 
t; yji1 (ton  dunam−1  year−1) is the regional yield of crop i during the baseline period; 
f
(
CO2t, Tjit
)
 denotes the change in the marketable yield due to changes in  CO2 concentra-
tion and temperature relative to the baseline period (t = 1), as derived from Eq. (1); and ejit
eji1
 
is the yield response to changes in precipitations, water applications and salinity, for which 
we adopt the function proposed by (Kan et al. 2002):
where ejit (ft/year) is the evapotranspiration, expressed as a function of water applica-
tion Wjit = w1jit + w2jit + wrjit , and water salinity Sjit =
∑
ssawsa
jit
 , where s1 = 1 (dS/m), s2 = 2 
(dS/m), and sr = 0.1 (dS/m); the indexes for the water application and salinity parameters 
refer to, respectively, freshwater irrigation (w1
jit
, s1) , non-freshwater irrigation (w2
jit
, s2) and 
precipitations during crop-i’s growing season (wr
jit
, sr) ; ēji , and 훼1ji through 훼5ji are parameters 
adopted from Kan and Rapaport-Rom (2012).
To assess the impacts of climate change on vegetative agriculture in Israel, VALUE is 
implemented in two stages. First, the model is calibrated so that when the levels of the 
climate variables are set equal to the levels observed during the baseline period, VALUE 
returns the observed land allocation 
(
xji1
)
 and fresh-product imports 
(
mi1
)
 . For this study, 
the baseline year is 2012, for which observed data on costs and land allocation were avail-
able from MOARD. Second, climate variables projected by the GCMs for the two investi-
gated future periods are introduced into the production functions of each crop and region, 
and the model is run so as to produce the associated new decision variables.
2.4  Climate‑Factors Sensitivity Analyses
In order to examine the effect of each individual climatic factor on the results of the study, 
we performed a sensitivity analysis using three different versions of the production func-
tion y
(
CO2, T , e
)
 in Eq. (6). The first, which we indicate as y
(
CO2, T
)
 , in which we omit 
the index subscripts for simplicity of notation, neglects the effect of changes in precipita-
tions on yields, assuming ejit
eji1
= 1 . Therefore, y
(
CO2, T , e
)
> y
(
CO2, T
)
 would indicate a 
(6)yjit
(
CO2t, Tjit, ejit
)
= yji1
[
1 + f
(
CO2t, Tjit
)]
×
ejit
eji1
(7)
ejit
(
Wjit, Sjit
)
=
ēji
1 + 𝛼1
ji
[
𝛼2
ji
Sji + 𝛼
3
ji
W
𝛼4
ji
jit
]𝛼5
ji
10 1 dunam = 1000 m2.
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positive impact of the projected rainfall changes on yield. The second, y
(
CO2, e
)
 , omits the 
effect of changes in temperature, while the third, y(T , e) , neglects the impact of changes in 
the atmospheric  CO2 concentration; these specifications allow us to single out the effect of 
each climate factor by comparison with the full production function in Eq. (6).
3  Results
Table 1 shows the regression coefficients of crop responses to changes in  CO2 and tem-
perature as obtained in the linear regression (Eq. 1) and the marginal effects of  CO2 and 
temperature, as well as their statistical significance as obtained through the bootstrapping 
procedure (Eqs. 2, 3).
As expected, the marginal effect of  CO2 increase is positive and significant in most 
regressions (20 out of 31), while the effect of temperature increase differs substantially 
among crops (or groups of crops), being positive and significant in 8 regressions, and nega-
tive and significant in 9 regressions; the latter finding is consistent with previous evidences 
of the nonlinearity effect of temperature (Schlenker and Roberts 2009). The regression mod-
els fit fairly well the observed data, with R2 values ranging from 0.25 to 0.83. The negative 
signs of the estimated coefficients for the quadratic term of  CO2 changes 
(
훽2b
)
 suggest that, 
while crops benefit from increases in  CO2, the effect exhibits diminishing returns to scale.
The analysis of three GCMs and four RCPs indicates that  CO2 atmospheric concen-
tration is expected to rise from the present level of about 405  ppm to 443–535  ppm by 
2041–2060 and 473–677  ppm by 2061–2080, depending on the concentration pathway 
under consideration. Mean annual temperatures, averaged over models and regions in 
Israel, are expected to rise by 1.3–3.1 °C in 2041–2060 and 1.8–3.6 °C in 2061–2080 com-
pared to the present levels, with the exception of the dry and arid southern Negev region 
wherein slightly cooler temperatures are expected (− 0.8  °C in 2041–2060; − 0.2  °C in 
2061–2080). Annual precipitation will decrease in all regions with the exception of the 
southern Negev, by 12–29% in 2041–2060 and 20–37% in 2061–2080. Such results are 
consistent with the findings of previous climate studies in Israel (Alpert and Silverman 
2003; Ben-Gai et al. 1999; Tielbörger et al. 2016). Full details on temperature and precipi-
tation changes for each of the 15 regions are given in Appendix B.
The results of the climate-change simulations using the VALUE model show that all 
GCM climate models and RCP scenarios predict a reduction in the cultivated agricultural 
land at the country level (Table 2) (a full breakdown by crops of the projected changes in 
the agricultural land-use allocation is provided in Appendix C). The extent of the agricul-
tural land use in Israel, which amounts to 2932 thousand dunams in the baseline period, 
is projected to decrease by 41–48% by 2061–2080 even under the most moderate climate 
change scenario (RCP2.6). Faced with precipitation reductions as predicted by the climate 
models, farmers choosing to grow crops in open fields will need to use more irrigation 
water per unit of cultivated area in order to maintain output levels; however, due to the 
regional water quotas they will be forced to forego some of their currently cultivated lands. 
Nevertheless, the rising temperature and  CO2 concentrations will also affect the per-dunam 
production, which in turn will change the relative profitability of crops, and thereby the 
optimal land allocations under the partial-equilibrium output prices. We find that field 
crops such as hay, rye and oat cultivations will suffer negative effects, and ultimately disap-
pear by 2061–2080. The land allocated to other field crops such as silage and sunflowers 
will decrease by 94% in the same period. Cotton fields, on the other hand, will increase by 
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13% in area in the two investigated future periods. Land allocation to vegetable cultiva-
tion is projected to decrease by 22% and 26% in 2041–2060 and 2061–2080, respectively. 
The area allocated to crops grown in closed facilities such as pepper, cherry tomatoes, and 
strawberries is expected to slightly increase during the second half of the twenty-first cen-
tury, compared to today’s conditions. Plantations’ area is projected to decrease by 37% in 
2061–2080, with a small increase in the land allocated to wine grapes, grapefruit and other 
citrus. Notably, rain-fed olive oil will almost entirely disappear.
In spite of the projected reduction in the cultivated lands, overall the annual net profits 
of farmers are expected to grow. Changes in the net profitability of crops show much larger 
variability than changes in land-use allocation. A full breakdown by crops of the projected 
changes in net profitability is provided in Appendix C. For rain-fed crops in open fields 
such as silage, sunflower and rain-fed olive oil, net profitability will be strongly reduced or, 
in the case of hay, rye and oat, their cultivation will no longer be profitable. On the other 
hand, crops such as peanuts for domestic consumption, strawberries, potatoes, oranges and 
plums will experience a strong increase in net profitability per unit area.
A separate analysis for rain-fed and irrigated crops (Fig. 1) helps to clarify the impacts 
of the aforementioned changes in land allocation and net profitability. The net profit per 
unit of area is projected to increase for irrigated crops (+ 56% by 2041–2060; + 51% by 
Table 2  Predicted changes in agricultural land use in Israel compared to the baseline period
Period 2041–2060 Period 2061–2080
CCSM4 (%) MIROC5 (%) NorESM1 (%) CCSM4 (%) MIROC5 (%) NorESM1 (%)
RCP2.6 − 19 − 41 − 14 − 41 − 43 − 48
RCP4.5 − 37 − 36 − 50 − 41 − 50 − 59
RCP6.0 − 40 − 42 − 1 − 48 − 48 − 53
RCP8.5 − 52 − 48 − 47 − 56 − 57 − 61
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Fig. 1  Changes in a net profitability per dunam and b agricultural land allocation for rain-fed and irrigated 
crops
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2061–2080), whereas the profits of rain-fed agriculture are projected to decrease sharply 
(− 24% by 2041–2060; − 76% by 2061–2080). Accordingly, the land allocated to rain-fed 
crops decreases more steeply than that of irrigated crops.
Figure 2a details the expected changes in the statewide aggregate values of products 
allocated to various types of markets, averaged over the 12 investigated scenarios. Whereas 
allocations to the local fresh-product markets and food-processing industry decline, the 
values of both exported and imported vegetative products rise. The overall annual rev-
enue of the Israeli farmers declines by 0.7 and 1.3 billion NIS a year (Fig. 2b) under the 
climates forecasted in 2041–2060 and 2061–2080 periods, respectively; that is, reductions 
of about 4% and 8% relative to the total revenue in the base period. This stems from the 
reduction in both prices and quantities of the vegetative products, as indicated by the com-
puted changes in the Laspeyres price index (− 3% and 0% by 2041–2060 and 2061–2080, 
respectively) and quantity index (− 2% by 2041–2060; − 4% by 2061–2080). Nevertheless, 
an even larger decline is projected for the statewide production costs (Fig.  2b); hence, 
the Israeli farming sector eventually benefits from the forecasted climate changes, with a 
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profit change of + 38% and + 34% by 2041–2060 and 2061–2080, respectively. The total 
consumer surplus will also augment, leading to an overall social-welfare increase.
The impacts of climate change on Israel’s vegetative agriculture will be differentiated 
regionally. Table 3 reports the changes in regional land and irrigation freshwater and non-
freshwater used for agricultural production, averaged across the 12 scenarios; Table  4 
reports the corresponding shadow values of the land and water constraints.
Land allocation to vegetative agriculture will experience a noticeable reduction all over 
Israel, except for the southern Negev region. The largest reductions are expected in the 
Western Galilee region. In addition, by 2061–2080 less than half of the current agricultural 
land use will be cultivated in Lakhish, Kinneret, Jerusalem, Jezreel Valley, and Ramla. 
The average shadow values of land are projected to decline sharply in most regions, par-
ticularly in Lakhish and Western Galilee. The southern Negev, which will experience a 
slightly cooler and wetter climate, is again an exception. Finally, the average shadow value 
of irrigation water, both freshwater and non-freshwater, will increase in almost all regions, 
reflecting the intensified water scarcity.
Figure  3 shows the results of the aforementioned sensitivity analyses with respect to 
the separate impacts of precipitation, temperature and  CO2 concentration, presenting the 
associated changes in (a) farming profits, (b) consumer surplus and (c) social welfare. The 
charts show the results of the analyses averaged over the 12 scenarios.
Table 3  Regional changes in the use of land and irrigation freshwater and non-freshwater, averaged across 
12 scenarios of 4 RCPs and 3 GCM models
Region Land Freshwater Non-freshwater
2041–2060 
(%)
2061–2080 
(%)
2041–
2060 
(%)
2061–2080 
(%)
2041–2060 
(%)
2061–2080 (%)
Upper Galilee − 22 − 38 0 − 6 0 0
Golan Heights − 37 − 46 0 0 0 0
Western 
Galilee
− 70 − 78 0 0 0 0
Kinneret − 41 − 61 0 0 0 0
Haifa and 
Hadera
− 28 − 41 0 0 0 0
Jordan Rift 
Valley
− 15 − 21 0 0 0 0
Jezreel Valley − 35 − 53 0 0 0 0
Sharon Plain − 21 − 31 0 0 0 0
Petah Tikva − 29 − 42 0 0 0 0
Tel Aviv and 
Rehovot
− 31 − 47 0 0 0 0
Ramla − 42 − 53 0 0 0 0
Jerusalem − 51 − 60 0 0 0 0
Lakhish − 51 − 64 0 0 0 0
Northern 
Negev
− 25 − 38 0 0 0 0
Southern 
Negev
0 0 0 − 5 − 10 − 9
 R. Zelingher et al.
1 3
A comparison of the results obtained with the full production function, y
(
CO2, T , e
)
 , 
to those with the function that excludes the impact of precipitation changes, y
(
CO2, T
)
 , 
points at the significant negative effect of the forecasted precipitation reduction on both 
farming profits and consumer surplus, resulting in a social-welfare loss of 1.3 and 1.8 bil-
lion NIS a year in 2041–2060 and 2061–2080, respectively. On the other hand, temperature 
Table 4  Shadow values of land and irrigation freshwater and non-freshwater by agricultural regions of 
Israel, averaged across 12 scenarios of 4 RCPs and 3 GCM models
In the baseline period, the shadow values of land, freshwater and non-freshwater are, respectively 18.07 
(NIS  dunam−1 year−1), 0.23 (NIS  m−3) and 0.04 (NIS  m−3)
Region Land (NIS  dunam−1 
 year−1)
Freshwater (NIS  m−3) Non-freshwater (NIS  m−3)
2041–2060 2061–2080 2041–2060 2061–2080 2041–2060 2061–2080
Upper Galilee 11.46 0.64 3.71 3.31 0.89 1.33
Golan Heights 3.29 0.00 3.47 3.49 0.96 1.35
Western Galilee 0.25 0.00 3.35 3.28 1.13 1.51
Kinneret 13.96 0.00 3.02 3.33 1.03 1.38
Haifa and Hadera 13.33 0.00 2.72 2.66 1.03 1.45
Jordan Rift Valley 8.05 0.00 2.73 2.74 1.10 1.42
Jezreel Valley 9.07 0.00 3.02 2.86 0.80 1.14
Sharon Plain 11.84 0.00 1.94 2.31 1.09 1.47
Petah Tikva 8.62 0.00 2.81 2.95 0.97 1.38
Tel Aviv and Rehovot 13.16 0.00 3.12 3.29 1.15 1.57
Ramla 2.96 0.00 3.12 3.13 0.99 1.41
Jerusalem 0.00 0.00 3.49 3.54 1.14 1.50
Lakhish 0.03 0.00 2.75 2.78 0.90 1.31
Northern Negev 6.11 0.00 3.05 3.36 1.06 1.63
Southern Negev 901.56 1010.09 2.40 1.90 0.00 0.00
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changes play a much smaller role, as indicated by the minor changes in both farming profits 
and consumer surplus when the production function y
(
CO2, T , e
)
 is replaced by y
(
CO2, e
)
 . 
Finally, changes in  CO2 are predicted to have a significant positive impact on social welfare 
in the Israeli market: by adopting y(T , e) as the production function we obtain an almost no 
climate-change impact on farming profits, a sharp reduction in consumer surpluses, and 
an overall welfare loss of 0.6 and 0.7 billion NIS a year in the 2041–2060 and 2061–2080 
periods, respectively. Thus, overlooking the fertilization effect of  CO2 reverses the pro-
jected welfare effects of climate change, which underlines the importance of including this 
variable in climate-change economic models.
4  Conclusions
This study contributes to the literature on the economic impacts of climate change in 
agriculture by providing the first country-wide application of a PMP model to the entire 
vegetative agriculture market, which includes the combined effects of changes in  CO2, 
temperature and precipitation on 55 crops in 15 agricultural production regions under com-
petitive partial-equilibrium conditions. Through a meta-analysis of agronomic studies, pro-
duction functions accounting for the effects of rising  CO2 and temperature on marketable 
crop yields were developed. Downscaled climate change projections for  CO2 concentra-
tion, temperature and precipitation were derived for three GCMs and four RCPs. Under the 
assumption of profit-maximization behavior on the part of farmers that operate in competi-
tive markets, our study predicts that Israeli farmers will compensate for the lower amount 
of precipitation by increasing the amount of irrigation, with the consequences of retiring 
part of their agricultural land due to irrigation water constraints, and strongly reducing or 
forfeiting the cultivation of rain-fed crops in open fields. The reliance of Israel on imported 
vegetative products will consequently increase. Nevertheless, under equilibrium in the 
markets for agricultural products, these changes benefit both producers and consumers.
While the paper focuses on impacts and adaptation of the agricultural sector to climatic 
changes, it should be recognized that agriculture is a substantial contributor to greenhouse 
gas emissions, either directly (e.g., nitrous oxide from fertilized soils, methane emissions 
from livestock) or indirectly through land conversion (Avetisyan et al. 2014; Smith et al. 
2014). The feedback effects of these factors on the climate are not investigated in this study 
due to the small size of Israel’s vegetative agricultural sector in the context of global mar-
kets and greenhouse gas emissions; however, the implementation of the proposed method-
ology at larger scales should account for the endogeneity associated with the atmospheric 
level of  CO2, as well as the climatic effects of other gases with global worming potentials.
Changes of the magnitude described in this paper are likely to be felt beyond the bound-
aries of the agricultural sector, especially if one considers that the sector is already expe-
riencing the stress imposed by water scarcity and the national land policy (Hananel 2010). 
Israel’s agriculture is not only embedded in its national heritage, but also performs signifi-
cant ecological and environmental functions, insofar as, for instance, it limits the conver-
sion of open space to built-up areas (Shuval 2013). Beyond the market value of its output, 
agricultural land has been acknowledged as a source of amenity value (Fleischer and Tsur 
2009; Kan et  al. 2009), both in the form of non-market benefits through recreation and 
for its association with rural tourism (Tchetchik et al. 2008). Heritage considerations are 
among the drivers for preservation of old olive groves and may be associated with substan-
tial non-use values (Loumou and Giourga 2003; Becker and Freeman 2009). The extent 
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to which the impacts of climate change identified in this study will affect Israeli society, 
culture and environment at large remain to be investigated.
Under the assumption of a small economy with agricultural sector protected by import 
tariffs, constant input prices and fixed and untradeable regional water quotas, we find 
that social welfare will increase in the future due to an increase in both consumer surplus 
and farmers’ profits. This is consistent with previous findings from Israel (Yehoshua and 
Shechter 2003; Likhtman 2006; Fleischer et al. 2008) and elsewhere (Solow et al. 1998). 
Crucially, we find that the “fertilization effect” of  CO2 concentration-increase is critical in 
determining such outcome, whose sign would have been reversed in the absence of such 
effect.
Further improvement of the analytical framework proposed in this study could include 
consideration of the effect of additional climate explanatory variables (e.g., relative humid-
ity, wind and radiation) and the initial condition of the climatic variables on the production 
functions. Moreover, relaxation of the assumptions regarding inter-regional trade of irriga-
tion-water quotas may improve farmers’ ability to adapt to climatic changes. International 
trade patterns may affect the results through changes in prices and climate-induced changes 
in competitiveness (Calzadilla et al. 2013).
From a policy perspective, our results project increased levels of crop imports, which 
will strengthen the reliance of Israel’s economy on imports of “virtual water” (Kislev 
2011). Furthermore, they suggest the importance of exploring how different policies 
regarding the determination of regional water quotas (e.g., enabling farmers to purchase 
desalinated water with no quantity constraint would enhance the farmer’s control on land 
and water allocation, but increase water costs), the tradability of production inputs, and 
taxation would affect farmers’ ability to adapt to climate change in Israel.
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